A novel cerium doped compounds Mn 3 Gd 7-x ce x (Sio 4 ) 6 o 1.5 with an apatite structure was found and used to achieve high-efficiency degradation of tetracycline in aqueous solution. The catalysts were characterized by XRD, XPS, EDS and other techniques. The characteristic results indicated that the catalytic activity of the compound was improved due to the introduction of ce in the structure, because ce 3+ which was stably present in the apatite structure can serve as an active site for the reaction, and in addition, there was a high presence between ce 4+ and ce 3+ on the surface of the catalyst. The redox potential and high oxygen storage capacity were also beneficial for the catalytic reaction. The results of free radical capture indicated that both superoxide radicals and hydroxyl radicals participated in the catalytic oxidation process and played an important role in the reaction. The decomposition of tetracycline followed the pseudo second-order reaction kinetics. In addition, the catalyst exhibited long-term stability and low metal leaching during the reaction, which indicated that the novel ceriumdoped apatite structure material could be a promising wastewater treatment material.
to achieve more efficient processing efficiency, catalysts for heterogeneous catalytic ozonation technology include transition metal oxide such as manganese dioxide, iron oxide, copper oxide, rare earth oxides, such as cerium oxide and their composites, have been reported as solid supports for the catalytic degradation. However, regardless if they are single metal oxide or compounds, there will be a certain amount of metal dissolution 12, 13 , causing catalyst deactivation and secondary pollution, wasting of resources. Therefore, increasingly researches are focused on the way to low the amount of metal dissolution, in which introducing catalytically active metal ions into the crystal lattice is a good approach. In the context of lowing the active ion dissolution. doping of the crystal lattice with active metal ions, zhu et al. 14 studied the A-position of the perovskite compound has 12-fold coordinated positions, and the high coordination number of the active ions can effectively improve the stability of the active metal in the compound, otherwise, Wang et al. 15 also reported relationship between leaching ratio and doping content. And further, by using the active metal doping into the crystal lattice can also better disperse the active elements into the crystal lattice to better improve the catalytic performance of the sample. S.I. Suárez-Váquez et al. also reported the phenomenon 16 , the addition of Mn resulted in the incorporation of Mn 4+ in Ti 4+ sites present into the structure of the perovskite. This incorporation also enhances the relation O ads /O latt and the catalytic properties. Finally, the catalyst doped by Mn presented the highest catalytic activity 17 . In addition, CNTs attached by means of CH-π, π-π stacking and Van der Waals forces could make them disperse in liquid media and leave the polyaromatic pattern unaltered, and reduce catalyst deactivation.
The compounds with an apatite-type structure A 10 [MO 4 ] 6 O 2 have great flexibility in their crystal lattice to accommodate a big number of substitutions 18 . The cations in a position can be substituted by foreign cations having different oxidation states or radii, thus increasing the number of the cation vacancies in the structure. Meanwhile, [PO 4 ] 3− ions can also be substituted by [SiO4] 4− , [GeO 4 ] 4− anion groups under different conditions. Obviously, the component adjustment will bring a bit of active sites, to improve catalytic effect. So, it is a kind of potential candidate for catalyst designing technology.
Among the different reported catalysts, transition metal ions such as Mn(II), has demonstrated high efficiencies in catalytic ozonation for homogeneous degradation of various organic pollutants 19 . Manganese ion with the lowest state has a significant advantages as a redox medium for the removal of organic pollutants 20 . Besides, via the introduction of MnO x , large amount of surface hydroxyl groups are generated on the surface of catalyst, it play a key role in degradation adsorption and ·OH initiation, Higher multivalent MnO x (Mn(III)/Mn(IV)) enhances electron transfer, which also benefits degradants removal 17 . To improve the catalytic activity, cerium (Ce) with a high oxygen storage capacity has been commonly used 21 . As such, a redox cycle between the +3 and +4 states can be manipulated to create efficient catalysts process 3 . Interestingly, the doped Ce cations can enter the apatite-type lattice with equivalent substitution, and maintain the stability of the structure. Inclusion of foreign metals in the structure could lead to increases in defects inside the catalyst surface thereby creating more number of active sites 22, 23 .
In this work, we prepared a kind of Ce-doped apatite-type compounds Mn 3 Gd 7−x Ce x (SiO 4 ) 6 O 1.5 using traditional high temperature solid phase method and applied it in the catalytic ozonation of TC. The results showed that strong interactions between Ce atoms in apatite-type structure were established and promoted the regeneration of the catalyst and extended its lifecycle. Also, it was shown that the new composite had a high removal efficiency of TC in ozone catalytic degradation. In addition, the pathways and mechanism of TC degradation were proposed, and had a good stability performance after the reaction.
Experimental and Methods
A traditional high temperature solid-state reaction was used to prepare the Mn 3 Gd 7−x Ce x (SiO 4 ) 6 O 1.5 compounds. The raw materials including MnCO 3 (Aldrich, 99.9%), SiO 2 (Aldrich, 99.9%) and Gd 2 O 3 (Aldrich, 99.99%) and CeO 2 (Aldrich, 99.99%) used for the syntheses of Mn 3 Gd 7−x Ce x (SiO 4 ) 6 O 1.5 were purchased from the the Sinopharm Chemical Reagent Co., Ltd. Firstly, calculating the amount of each raw material required according to the stoichiometric ratio, after weighting and thoroughly mixing in the agate mortar, the mixtures were placed into little corundum crucibles, and covered with activated carbon to prevent oxidation. Finally, the samples were sintered at 1200 °C for 4 h in muffle furnace to produce the final products.
The crystal structures of the synthesized samples were examined by the X-ray powder diffractometer (XRD; D8 Advance diffractometer, Germany) with CuKα radiation (λ = 1.5418 Å) from 10° to 70° (2θ). The valence of manganese and cerium in the structure of Mn 3 Gd 7−x Ce x (SiO 4 ) 6 O 2 was confirmed by X-ray Photoelectron Spectroscopy (XPS, Thermo Scientific) with monochromatic AlKa irradiation (150 W). The binding energy (BE) scale was calibrated in reference 23 to the energy of the adventitious carbon (C 1 s) core level assigned at 284.6 eV. The visible spectra of as-prepared samples were performed on ultraviolet-visible spectroscopy (Beijing North Temple Instrument Technology Co., Ltd.) to collect the wavelength range from 500 to 700 nm at an interval of 1 nm. The molecular weight of the obtained samples was identified by methods of HPLC-mass spectrometer (LC-MS. Thermo Scientific) with high resolution search (Thermo Scientific) 24 . Catalytic ozonation processes were carried out in a semi-batch reactor containing 0.4 g/L of the target pollutant. The experimental device is composed of an ozone generating device, a vapor-liquid reaction device, a stirring device and an exhausting gas treating device. Ozone was produced by an ozone generator and passed into the reaction unit at 500 cm 3 •min −1 , and the concentration of ozone is 40 mg/L. The reaction vessel was a 500 mL three-necked flask, the temperature in the vessel was maintained at 20 °C, and the agitation rate was set at 500 rpm•min −1 . The exhaust gas treatment unit is a 500 mL 25 g/L Na 2 S 2 O 3 solution. At certain time intervals, water samples were withdrawn from the reactor with a syringe and collected to measure the TC concentration. To test the stability and recyclability of Mn 3 Gd 7−x Ce x (SiO 4 ) 6 O 1.5 , the catalyst was filtered, centrifuged at 10,000 rpm, dried at 80 °C, and used again in another cycles.
Results and Discussion
Characterization of the materials. Figure 1 shows the XRD patterns of the structure of Mn 3 Gd 7-
x Ce x (SiO 4 ) 6 O 1.5 solid solution along the c axis. Two cationic sites exist in the structure: 9-fold coordinated 4f sites with C 3 point symmetry and 7-fold coordinated 6 h sites with C s point symmetry 18 . To verify the phase purity and structure, Mn 3 Gd 7-x Ce x (SiO 4 ) 6 O 1.5 with different amount cerium doping were characterized by XRD. The pure phases of the solid solution were obtain, and no peaks of other impurity phases were found. All the characterized peaks are in a good agreement with the standard Ca 2 Gd 8 (SiO 4 ) 6 O 2 (JCPDS No.28-0212). Although the substitution amount of Ce element is increased, the structure of the compound remains isostructure with Ca 2 Gd 8 (SiO 4 ) 6 O 2 . Crucially, the proportion of positive ions was greater than that of negative ions in the sample, which provides direct evidence of the existence of vacancies 25 . Moreover, XRD patterns of the Mn 3 Gd 7−x Ce x (SiO 4 ) 6 O 1.5 samples after every cycles of TC degradation were shown in Fig. 2(b) , and will be discussed in the following sections.
The Energy dispersive spectroscopy (EDS) were carried out for the chemical composition of the compounds prepared in the study. The result of a scanning electron microscope (SEM) image of a Mn 3 Gd 5.5 Ce 1.5 (SiO 4 ) 6 O 1.5 sample was shown in Fig. 3(a) . The particles of the sample are not uniform and the particles are relatively large due to agglomeration during heating. Figure 3 (b) shows an EDS elemental analysis of surface points in a rectangular region, the proportion of positive-charged ions was greater than that of negative ions in the sample, which provides direct evidence of the existence of vacancies 25 remaining elements, we think this might be due to the morphology of the samples and an increased amount near the surface of the particles.
To investigate the chemical states of the variable elements and oxygen in the sample, a wide survey scan of XPS spectra was carried out. All peaks have been corrected by C1s peaks position (284.8 eV) 26 . Figure 4 Fig. 4(d) ). The surface concentration of Ce 4+ can be determined by Ce 4+ = Ce 4+ /(Ce 4+ + Ce 3+ ); Ce 3+ = Ce 3+ /(Ce 4+ + Ce 3+ ), where Ce 3+ = U 0 + V′ + V 0 and Ce 4+ = U + V. Inherent challenges are present for Ce 3d XPS spectrum analysis because of the difficulty in deconvolution of individual peaks in Ce 3d3/2 and Ce 3d5/2 envelopes 27 . So the proportion of Ce 4+ and Ce 3+ was 55% and 45% in the composite 28 . In order to confirm the oxygen vacancies in the prepared samples, we analyzed the XPS spectra of O1s. The result of O1s BE peaks of Mn 3 Gd 5.5 Ce 1.5 (SiO 4 ) 6 O 1.5 have been showed in Fig. 4 Fig. 4(e) . Obviously, the peaks of Mn 3 Gd 5.5 Ce 1.5 (SiO 4 ) 6 O 1.5 is higher than that of Mn 3 Gd 7 (SiO 4 ) 6 O 1.5, also verifing that the doping of Ce increases the oxygen vacancies, increases the activity of the catalyst. Fig. 5(b) , increasing of the Ce doping concentration from 0% to 15% led to a significant increase of TC removal, implying that the cerium doping plays an important role in catalytic ozonation as an www.nature.com/scientificreports www.nature.com/scientificreports/ active species. When the amount of cerium doping continuously increased up to 20%, the efficiency reduces. That can be explain that when the doping amount is 15%, (211) crystal plane of the compound has the lowest crystal strength, resulting in increased defects and active sites. So the most suitable proportion of Ce doped amount in Mn 3 Gd 7-x Ce x (SiO 4 ) 6 O 1.5 is x = 1.5 for catalytic ozonation of TC.
For ozonation catalyst process, initial TC concentration is a worth considering parameter. The experiments of different TC concentration were conducted, the result in Fig. 5(c) shows that the degradation efficiency of TC dropped with increasing of initial concentrations. When the concentration rises from 200 mg/L to 600 mg/L, the degradation efficiency dropped from 99.8% to 86.2%. The excess of TC (up to 600 mg/L) or its degradation intermediates may need to consume more active radicals, so the catalytic capability became slight low. Additionally, the mechanism of TC degradation under the catalysis of Mn 3 Gd 5.5 Ce 1.5 (SiO 4 ) 6 O 1.5 was explored under different initial TC concentration (200, 400 and 600 mg/L) according to the pseudo-first order and pseudo-second order kinetics 31 .
where C 0 is the initial concentration of TC, C t is the concentration of the TC in the solution after treatment at time t, and k 1 and k 2 are pseudo-first and pseudo-second order rate constants. Clearly, the degradation of TC was better described by the pseudo-second order kinetic model 17 judged by its regression coefficient (R 2 > 0.96). The fitting result are shown in Fig. 5(d) , as the concentration increased from 200 to 600 mg/L the reaction rate constants k 2 were 0.0036, 0.0028 and 0.0004 Lmg -1 min -1 , respectively. possible degradation mechanism in the presence of Mn 3 Gd 5.5 ce 1.5 (Sio 4 ) 6 o 1.5 catalyst. During TC degradation with catalysts under ozone as oxidant, several kinds of reactive radicals, such as ·OH, and·O 3 , could be generated and have a great influence under the activation of transition metals. In order to investigate the effect of the two reactive radicals, benzoquinone and IPA were added into the TC solutions to scavenge these radicals. Benzoquinone is widely used to quench O 2 − , and IPA usually used to scavenge ·OH. After 5 min of reaction, 1 mmol IPA was added to the solution, the amount of TC degradation declined from 289 mg/L to 241 mg/L www.nature.com/scientificreports www.nature.com/scientificreports/ ( Fig. 6(a) ). When the same excess amount of benzoquinone was added, the TC removal dropped to 164 mg/L. The competitive radical tests suggest superoxide is the dominating active radicals in the degradation of TC using Mn 3 Gd 5.5 Ce 1.5 (SiO 4 ) 6 O 1.5 as a catalyst. Nevertheless, the results of the scavenger experiments proved that ·OH also participated in the catalytic ozonation, the combination of the two reactive radicals leads to the efficient reaction.
To confirm the catalytic effect of the Ce 3+ -doped composite, a couple of comparable experiments have been made. The catalytic degradation of TC using Mn 3 Gd 5.5 Ce 1.5 (SiO 4 ) 6 O 1.5 had a great efficiency than any others ( Fig. 3(b) ). Obviously, Ce made the difference in the process, as the XPS test showed Ce was made by a mixture of positive tri-and tetra-valent cations. Ce 3+ /Ce 4+ is a good indicator for the redox reaction and development of superoxide free radicals 32 .
According to the above result, degradation reaction should occur on the catalyst surface via Ce due to its redox capability 11 . First, S ≡ Ce 3+ could react with O 3 , with the electron transferring, superoxide and oxygen were As reported by Jia et al. 34 , the react active site would be made up of the oxygen vacancy site on the catalyst surface, when catalyst was attacked by ozone, one of O atom of O 3 could insert into oxygen vacancy site. Electrons transfer will easy occur in oxygen vacancies to transfer electrons to an ozone molecule, the result is obtaining a new surface bound oxygen species (O 2− ) and dioxygen molecule at original oxygen vacancy site, which leads to be a gas phase (Eq. 6). The following step is that another ozone molecule will react with the surface bounded O 2− to form a dioxygen and the second peroxide (O 2 2-) molecule (Eq. 7). Finally, the peroxide species was unstable and decomposes to a dioxygen and then recover the initial oxygen vacancy to join the following ozonolysis cycle 33 .
The key point of catalysis process is to decompose the peroxide in time to make sure the oxygen vacancies recover that the peroxide can easy transfer the lattice oxygen to improve the catalyst activity 33, 34 .
In order to further investigate the degradation process and intermediate compounds produced during reaction the HPLC-MS technology was applied. The results of the TC solution (400 mg/L) chromatography after different reaction time with the presence of the catalyst are illustrated in Fig. 6 . The identification was based on mass fragmentation values and by comparing the mass spectra to a database. It is apparent, that the relative intensity of the ion [1 + H] + of m/z 445 decreases with the reaction proceeds, whereas two new and intense ions with 461 m/z and 477 m/z are clearly detected. This means that the degradation reaction of TC solution continuously occurred. As the reaction proceeds three kinds of functional groups (double bond, amine group, and phenolic groups) of TC will compete for the ozone.
The results of the HPLC-MS indicate that fragmentations of TC yielded ions with an m/z value of 427 on the loss of NO 3 − , which further fragmented to the ions with the value 410 m/z on the H 2 O loss 35 . After 60 minutes of ozone catalytic degradation, there was still a small amount of compounds present (molecules with 114 m/z value were detected) ( Fig. 6(d) ).
However, the exact structures of these compounds could not be identified in the present study and further work still required for a more detailed structures analysis. In addition to these results, we also detected the exhausted gas generated during the degradation process, and the exhaust gas was introduced into the clarified saturated Ba(OH) 2 solution as shown in the insert (A) in Fig. 6(b) . It can be clearly observed that the transparent solution inset (A) Fig. 6 (b) became cloudy inset (B) Fig. 6(b) , and a certain amount of white precipitate was formed at the bottom of the bottle. When the excess dilute hydrochloric acid was added dropwise to the www.nature.com/scientificreports www.nature.com/scientificreports/ turbid solution, the cloudy disappeared and the solution became transparent again as shown in the insert (A) in Fig. 6(c) . To identify the gained from the experience precipitate, it was collected from the bottom of the bottle and subjected to the XRD test. The XRD results are shown in the Fig. 6(b) . The comparison with the card JCPDS no. 45-174 (Ba(CO 3 ) 2 ) revealed that the obtained precipitate is exactly Ba(CO 3 ) 2 . This result confirmed that the reaction to produce CO 2 gas as the final product of the degradation reaction progress of the TC took place in the experiment. The above experimental phenomena follows the following two reaction equations: The degradation process proceeds through the formation of a series of mineralized intermediates, which then further oxidize to water, inorganic ions and carbon dioxide 36 . Based on these results. So, it can be concluded that TC is completely decomposed through the oxidation by (•OH) and (•O 2− ) after less than 30 min the presence of ozone. The overall degraded reaction can be supposed by the following equation: Figure 2(a) shows the results of catalyst after being used for five times (After each experiment, we used 10,000 rpm high speed centrifugation, and filtered the samples, then collected the samples, and dried at 80 °C in an air oven). Comparing with the first use, the degradation rate decreased slightly during the first and the fifth reactions, but TC removal was almost the same. This indicates that the catalyst still remains active after consecutive runs. XRD results shows that there is no impurity in the structure after each reaction, so the catalyst can keep a great reusability ( Fig. 2(b) ). The amount of metal leaching is also an important factor in measuring the stability of the catalyst. The excessive metal leaching can lead to deactivation of the catalyst. So, an ICP measurement was carried out to determine the concentrations of dissolved active Ce after the reaction (Fig. 2(c) ). When the amount of the added catalyst was 0.5 g per 200 mg/L TC solution at pH 3.4, the equilibrium concentrations of Mn, Gd, and Ce were 0.051, 0.050, and 0.086 mg/L, respectively, after the reaction was completed for 60 minutes. The amount of leached metal did not affect the activity of the catalyst, since the atoms are stable present in the apatite structure. So, a stable apatite structure can be applied as a potential structural design unit to heterogeneously catalyzed oxidative degradation.
In recent years, there are many kinds of ways have been intensively studied to completely settle an issue of tetracycline pollution in water. A preliminary and brief comparison of the degradation effects of different treating methods [37] [38] [39] [40] [41] to remove tetracycline is summarized in Table 1 . Compared with the mentioned works, the as-synthesized Mn 3 Gd 5.5 Ce 1.5 (SiO 4 ) 6 O 1.5 catalyst investigated in this study shows excellent performance for the degradation of tetracycline under ozone, and also shows outstanding reusability and stability.
conclusion
In this paper, the Mn 3 Gd 5.5 Ce 1.5 (SiO 4 ) 6 O 1.5 catalyst with the apatite-type structure was successfully prepared by traditional high temperature solid phase method. The catalyst exhibited good catalytic activity and stability for the degradation of TC at room temperature. This result could attribute to the synergistic effect between the different valence of the cerium ion. Free radical scavenging experiments proved that superoxide radicals were the most active substances in the reaction process, and, thus, suggested possible degradation pathways of TC in the reaction process. In summary, Mn 3 Gd 5.5 Ce 1.5 (SiO 4 ) 6 O 1.5 is a promising catalyst for removal of TC in wastewater. 
